J Clin Invest. 2014;124(1):222-236. https://doi.org/10.1172/JCI66005. Acute myelogenous leukemia (AML) subtypes that result from oncogenic activation of homeobox (HOX) transcription factors are associated with poor prognosis. The HOXA9 transcription activator and growth factor independent 1 (GFI1) transcriptional repressor compete for occupancy at DNA-binding sites for the regulation of common target genes. We exploited this HOXA9 versus GFI1 antagonism to identify the genes encoding microRNA-21 and microRNA-196b as transcriptional targets of HOX-based leukemia oncoproteins. Therapeutic inhibition of microRNA-21 and microRNA-196b inhibited in vitro leukemic colony forming activity and depleted in vivo leukemia-initiating cell activity of HOX-based leukemias, which led to leukemia-free survival in a murine AML model and delayed disease onset in xenograft models. These data establish microRNA as functional effectors of endogenous HOXA9 and HOX-based leukemia oncoproteins, provide a concise in vivo platform to test RNA therapeutics, and suggest therapeutic value for microRNA antagonists in AML.
Introduction
Although most patients with acute myelogenous leukemia (AML) respond initially to standard chemotherapy (∼70%), 5-year survival rates vary dramatically (15%-70%) depending upon the AML subtype. Cellular heterogeneity is an intrinsic feature of AML. In mouse models and xenografts, engraftment of transplanted AML is mediated by a subpopulation of leukemia-initiating cells (LIC). Broad-spectrum standard therapeutic agents fail to target LIC. The LIC theory postulates that relapse originates from LICcontaining minimal residual disease and the frequency of relapse correlates with the burden of LIC resistant to conventional chemotherapy. Thus, stem cell-like gene expression signatures are predictive of disease outcome (1) . Targeted therapies which that LIC and complement current regimens are needed.
AML initiated by homeobox-based (HOX-based) leukemia oncoproteins has poor prognosis, highlighting interest in HOX transcription factors. HOXA9 is oncogenically activated by myriad chromosome 11 translocations involving MLL1 or Nup98 (2-5) as well as NPM1 mutations in cytogenetically normal AML (6) . Notably, the expression level of HOXA9 may have prognostic value in human AML (7, 8) . HOXA9 interacts with homeodomain-containing cofactors MEIS1 and PBX1 to form a transcription factor complex that regulates downstream target genes; however, while there has been recent in-depth molecular analysis of endogenous HOXA9 target-gene regulation (9) , the evaluation of their requirement for HOXA9-mediated oncogenesis is limited to Pim1 (10), c-Myb (11) , and Flt3 (12, 13) . Of these, inhibition of only Pim1 or c-Myb impaired HOXA9 oncogenesis. Thus, the direct transcriptional effectors induced by endogenous HOXA9 (and the HOXA9 mechanism of transformation) remain largely unknown.
Recently, we showed that Drosophila orthologs of HOXA9 and the growth factor independent 1 (GFI1) transcriptional repressor compete for occupancy of a subset of common DNA-binding sites to control embryonic anterior-posterior patterning (14) . In mice, GFI1 directly regulates the expression of HoxA9, Pbx1, and Meis1 during the normal transition between common myeloid progenitor (CMP) and granulocytic-monocytic progenitor (GMP) (15) . The accumulation of Gfi1 -/myeloid progenitors is dependent upon HoxA9 gene dosage, and inducible deletion of Gfi1 combined with activation of K-Ras G12D expression induces a potent transplantable AML in vivo in approximately 17 days (15) . Given the rapid transition time between normal CMP and GMP, we reasoned that GFI1 may also compete with HOXA9 (in a manner similar to Drosophila orthologs) to transmit an effective antileukemia signal. Here, we show that known GFI1 target genes microRNA-196b (miR-196b) and miR-21 (16) are regulated by endogenous HOXA9, activated by HOX-based leukemia oncoproteins, and control LIC activity as effector/clients of HOX signaling. Notably, the in vivo therapeutic potential of microRNAs has not been explored in leukemia. Here, we demonstrate that inhibition of both miR-21 and miR-196b is curative in murine models of HOX-driven AML and substantially improves current therapies in xenograft models. Thus, this work provides a proof of principle to move forward the concept of RNA therapeutic microRNA antagonists in the treatment of AML. We construct a reproducible in vivo platform to test RNA therapeutic efficacy and demonstrate the necessity of specific oligonucleotide modifications to successfully antagonize microRNA in leukemia in vivo.
Results
GFI1 antagonizes HOXA9 in human leukemia and transformation. We previously showed that GFI1 antagonizes HOXA9 during both Drosophila anterior-posterior patterning and normal mammalian myeloid development (14, 15) . To determine whether such an antagonistic relationship is detectable in human myeloid leukemia, we examined gene expression profile data from 91 AML samples with defined cytogenetic abnormalities (17) . Genes with expression signatures similar to either GFI1 or HOXA9 were identified using Pearson correlation analysis, which allowed approximately 200 nearest neighbor probes for each gene, resulting in 365 total probes. Restricting hierarchical clustering analysis to the combined set of HOXA9-like and GFI1-like genes revealed striking reciprocal regulation and a clear division ( Figure 1A ). The 11q23 (MLL1) translocation leukemias expressed high HOXA9 and low GFI1 signature expression ( Figure 1A) . In contrast, t(15;17), t(8;21) and inversion 16 leukemias exhibited a reciprocal pattern of high GFI1 and low HOXA9 signature expression ( Figure 1A ). Concordant expression of GFI1-like and HOXA9-like signatures was very rare. Next, we expanded our analysis to a larger data set of 460 adult AML and myelodysplastic syndrome (MDS) patients (18) . Similar to pediatric samples, we found reciprocal expression of GFI1-like and HOXA9-like signatures in the adult AML samples. Interestingly, similar to samples with 11q23 translocations, AML with NPM1 mutations showed low GFI1-like and high HOXA9-like signature expression (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI66005DS1).
It is possible that the GFI1 and HOXA9 expression patterns either concisely differentiate human myeloid leukemias or reflect alternate abnormal arrested differentiation states. To delineate between these possibilities, we induced overexpression or knockdown of GFI1 in an AML cell line with high GFI1 signature (HL60, Supplemental Figure 2 ) and analyzed HOXA9 expression. Forced GFI1 expression lowered HOXA9 levels (Supplemental Figure 3A) , whereas GFI1 knockdown resulted in an 8-to 10-fold induction of HOXA9 transcript levels (Supplemental Figure 3B ). These data suggest that GFI1 and HOXA9 signatures likely represent a dynamic transcriptional program (instead of a static differentiation state) and that this dynamic relationship may be relevant to leukemogenesis.
Drosophila orthologs of the GFI1 repressor and the HOXA9, PBX, and MEIS activator complex compete for common DNA-binding sites to regulate gene expression (14) . To determine whether this mechanism is active in mammalian cells (and relevant to leukemogenesis), we coexpressed GFI1 with the NUP98-HOXA9 fusion oncoprotein, which is thought to generate a HOXA9 activator that is significantly less dependent upon PBX and MEIS cofactors (19) . Consequently, WT Lin -BM cells were retrovirally transduced with NUP98-HOXA9 marked by EGFP. Transduced cells were expanded for 24 hours and then again retrovirally transduced with GFI1 marked by Discosoma sp. red fluorescent protein (DsRed), or DsRed alone (control). Thirty-six hours later, GFP + DsRed + cells were sorted and plated in methylcellulose to assess CFU ( Figure  1B ). As expected, expression of NUP98-HOXA9 led to efficient colony formation upon replating ( Figure 1C ). The coexpression of GFI1 did not repress the expression of NUP98-HOXA9 or EGFP ( Figure 1C ; inset), and primary colonies from both GFI1 and vector-control transduced cells were not significantly different from Nup98-HOXA9 alone ( Figure 1C ). However, replating of NUP98-HOXA9+GFI1 colonies revealed a complete lack of secondary CFU ( Figure 1C , P < 0.01). To ensure that this effect was GFI1 specific we repeated this assay with a variant GFI1 containing a single amino acid substitution (GFI1N382S) that inhibits sequence-specific DNA binding (20) . The number of primary and secondary NUP98-HOXA9+GFI1N382S CFU was significantly increased compared with NUP98-HOXA9 alone ( Figure 1C , P < 0.05), making it unlikely that the failure of NUP98-HOXA9+GFI1 secondary CFU was due to nonspecific effects of GFI1 overexpression. However, as an additional control, we also limited endogenous Gfi1 alleles and found that NUP98-HOXA9 expression in Gfi1 +/-Linmarrow cells produced more CFU (similar to GFI1N382S) ( Figure 1D , P < 0.01). We conclude that it is possible that GFI1 directly antagonizes HOXA9 signaling at critical transformation-relevant gene targets by competing for DNA binding (in a manner similar to their Drosophila orthologs).
HoxA9-Pbx1-Meis1 binds sequences in Mir21 and Mir196b regulatory regions. In order to identify the critical genes affected by GFI1-HOXA9 antagonism, we bioinformatically interrogated the genome for evolutionarily conserved regulatory sequences that encode a composite DNA-binding site for both GFI1 (21) and the HOXA9-PBX1-MEIS1 transcription factor complex (22) (CWDTGATTTAYDNS). We identified a putative composite GFI1-HOXA9-PBX1-MEIS1-binding site ( Figure 1E ) that is conserved throughout mammalian evolution (Supplemental Figure 4 ) in an established GFI1 target gene, Mir196b (16) .
To determine whether GFI1 and the HOXA9-PBX1-MEIS1 complex can bind to this sequence in Mir196b, we generated purified proteins and performed EMSA. We found that while GFI1 could bind to the 32 P-labeled WT oligonucleotide ( Figure 1F Figure 1F , lane 5). Addition of GFI1 appeared to displace HOXA9-MEIS1-PBX1 ( Figure 1F , lanes 6 and 7). An alternative explanation is that GFI1 physically interacts with HOXA9-PBX1-MEIS1 protein to inhibit DNA binding. Therefore, we next used an oligonucleotide with a TC→GA mutation ( Figure 1E ), which abrogates GFI1 DNA binding ( Figure 1G , lanes 2 and 3), but does not interfere with HOXA9-PBX1-MEIS1 binding (Figure 1G, lane 5) . In agreement with our theory, GFI1 did not affect HOXA9-PBX1-MEIS1 binding to the GFI1-mutant oligonucleotide ( Figure 1G , lanes 6 and 7). Thus, if GFI1 cannot bind the oligonucleotide, it cannot displace HOXA9-PBX1-MEIS1. This was further confirmed by preloading the HOXA9-PBX1-MEIS1 protein complex onto the WT or TC→GA mutant oligonucleotide. Addition of purified GFI1 protein rapidly displaced the HOXA9-PBX1-MEIS1 complex from the WT oligonucleotide ( Figure 1H ; solid line), whereas the complex was not disrupted from the GFI1mutant oligonucleotide ( Figure 1H ; dotted line). Moreover, ChIP analyses in a human leukemia cell line revealed that GFI1 and HOXA9 proteins can physically bind to this region in living cells ( Figure 1 , I and J). Overall, our data suggest that GFI1 competes with HOXA9-PBX1-MEIS1 to occupy a specific DNA-binding site on the Mir196b gene promoter.
Previously, we demonstrated that miR-21 and miR-196b synergize to block granulopoiesis and that GFI1 can repress Mir21 and Mir196b (16) . Therefore, we examined the Mir21 locus and found 1 conserved HOXA9-PBX1-MEIS1 site in the Mir21 promoter ( Figure 1K ). EMSA with purified HOXA9, PBX1, and MEIS1 proteins revealed that the proteins formed a complex on the oligonucleotide ( Figure 1L ), and ChIP analyses revealed HOXA9 binding in living human cells ( Figure 1M ). Thus, GFI1 and HOXA9 both physically bind to Mir21 and Mir196b genes.
Endogenous and oncogenic HoxA9 regulates the steady state expression of miR-21 and miR-196b. We next wanted to determine whether genetically manipulating endogenous levels of GFI1 and HOXA9 in primary hematopoietic cells affects the expression of miR-21 and miR-196b. Therefore, we quantified the steady state levels of mature miR-21 and miR-196b in RNA from Lin -BM cells of mice with limiting alleles and endogenous expression of Gfi1 and HoxA9 (Supplemental Figure 5 ). As shown previously (16) , Gfi1 -/cells showed increased expression of miR-21 and miR-196b ( Figure  2A ; P < 0.001, P < 0.01). In agreement with our hypothesis that GFI1 and HOXA9 compete to control these microRNA-encoding genes, the expression of miR-21 and miR-196b are coordinately reduced in HoxA9 -/cells ( Figure 2A , P < 0.001), but return to WT levels in HoxA9 -/cells with 1 Gfi1 allele (HoxA9 -/-Gfi1 +/-; Figure  2A ). Next, we examined specificity in 2 ways. First, expression of an unrelated microRNA (miR-224) was not altered by these genetic manipulations (Figure 2A ). Second, a putative HOXA9 target gene miR-155 (10) was reduced in HoxA9 -/cells and elevated in Gfi1 -/cells (which overexpress HOXA9); however, unlike miR-21 and miR-196b, the expression level of miR-155 is similar to WT levels in HoxA9 -/-Gfi1 +/cells ( Figure 2A ). Thus, only the HOXA9 target genes miR-21 and miR-196b (which contain compound GFI1-HOXbinding sites) are affected by limiting Gfi1 alleles in a HoxA9-null setting. Together with our published (16) and EMSA data (Figure 1 , F, G, and L), the data sets demonstrate antagonistic regulation of miR-21 and miR-196b by endogenous GFI1 and HOXA9.
To determine the relevance of these findings to HOX-based transformation, we first examined primary human AML samples for coexpression of MIR196B and HOXA9. Notably, expression of MIR196B and HOXA9 was significantly correlated in human AML (P = 8.41 × 10 -9 ; Supplemental Table 1 ). In agreement with reports that the expression of MIR21 is controlled by multiple signaling pathways and is consistently elevated in multiple AML subtypes (23, 24) , we did not observe a strict correlation between MIR21 and HOXA9. HOXA9, PBX. and MEIS proteins transmit MLL fusion oncoprotein signaling in 11q23 translocation leukemias (25) (26) (27) , but are not part of the AML-ETO oncoprotein signal in t(8;21) leukemias. By analyzing human primary leukemias, we determined that HOXA9, , and MIR21 are coordinately upregulated in 11q23 translocation AML, but not in t(8;21) translocation AML ( Figure 2B ). To delineate the proximity between oncogenic HOX signaling and miR-21 and miR-196b expression, we transduced murine Lin -BM cells with retroviral vectors encoding HOXA9, NUP98-HOXA9, or MLL-AF9, with empty vector and AML-ETO-expressing vector serving as non-HOX-signaling controls. Our results showed significantly elevated expression of miR-21 in cells transduced with HOXA9, NUP98-HOXA9, and MLL-AF9 as compared with vector control or cells transduced with AML-ETO-expressing vectors ( Figure 2C , P < 0.01, P < 0.05). We also confirmed our published observation that MLL-AF9 upregulates miR-196b (28) and extended this to HOXA9-and NUP98-HOXA9-overexpressing cells ( Figure 2D , P < 0.001, P < 0.05). We conclude that both endogenous and oncogenic levels of HOXA9 activate the expression of miR-21 and miR-196b.
Inhibition of miR-21 and miR-196 specifically interferes with Hox-based transformation. Given that miR-21 and miR-196b are increased in cells overexpressing HOX-signaling oncoproteins, we next wanted to evaluate their importance to HOX-based transformation. Antagomirs are chemically engineered and cholesterol-conjugated oligonucleotides, which efficiently and specifically silence endogenous microRNAs in vivo (29) . We have shown that miR-21-and miR-196b-specific antagomirs modulated primary myeloid development in vitro (16, 28) . Using these antagomir pairs, we examined the impact of miR-21 and miR-196b inhibition upon serial replating in vitro. First, Lin -BM cells were transduced with retroviral vectors expressing HOXA9, Nup98-HOXA9, or MLL-AF9, with empty vector and an AML-ETO expressing vector serving as non-HOX-signaling controls. Transduced cells were treated with antagomirs, and 15,000 cells were plated. One week later, CFUs were enumerated; then the cultures were disrupted and 15,000 cells were treated with antagomir again and replated. This cycle was repeated to generate 5 replatings. Antagomirs specific for miR-21 (A21), miR-196b (A196b), both microRNAs, or control antagomirs (4 base pair mutation = CA21, CA196b) did not affect the senesce/differentiation of empty vector-transduced cells (Figure 3A) or the immortalization of AML-ETO-expressing cells (Figure 3B) . In contrast, application of miR-21-or miR-196b-specific antagomirs dramatically lowered the number of CFUs for HOXA9expressing (P < 0.001; Figure 3C ), NUP98-HOXA9-expressing (P < 0.001; Figure 3D Figure 3F ), reminiscent of that engendered by GFI1 antagonism of NUP98-HOXA9 immortalization ( Figure 1C ). In fact, the number of secondary CFUs for A21, A196b, or combined antagomir-treated HOXA9-, NUP98-HOXA9-, and MLL-AF9expressing cells was not significantly different from the number of CFUs in empty vector-treated cells ( Figure 3F ). Thus, the antagomir treatment appears to cancel CFU related to HOX-based oncogenic immortalization, but may not affect normal self-renewal properties.
miR-21 and miR-196 inhibition block established murine MLL fusion protein-induced serially replated leukemic CFU. MLL-AF9 LIC have distinct microenvironmental interactions that set them apart from bulk MLL-AF9 immortalized BM cells (30), indicating that LIC have unique requirements for tumor maintenance. We wanted to preclude the possibility that transformation but not leukemia maintenance, requires miR-21 and miR-196b. Therefore, we treated 2 independent, established MLL-AF9-initiated murine leukemias in our serial replating assay. Treatment with A21 or A196b significantly reduced the number of CFUs; however, combined antagomir treatment generated significantly fewer CFUs than either single treatment (P < 0.001 and Supplemental Figure 6 ; Figure 4A) , and effectively lowered miRNA levels in MLL-AF9 leukemic splenocytes in vitro (P < 0.001; Figure 4B ). We have previously shown that miR-21 and miR-196b overexpression synergize to block G-CSF-induced granulopoiesis (16) . Conversely, combined antagonism by miR-21 and miR-196b antagomir treatment (loss of function) was more effective in blocking the MLL-AF9 leukemic CFU replating potential. Therefore, our further analyses focused on the combined miR-21 and miR-196b antagomir treatment.
microRNA antagonism is amenable to in vivo therapeutic intervention. To determine the in vivo efficacy of antagomir treatment in AML, we first implanted osmotic pumps to provide 1 month-long treatment (A21+A196b or control antagomir) and then examined potential toxicity to WT C57BL/6 mice using an established dosing regimen (31) . We found that pump-administered antagomir treatment was effective in reducing miR-21 and miR-196b levels (Supplemental Figure 7) . Antagomir-treated mice did not show alteration in their normal behavior or vital organ function, as evidenced by serum chemistry panels and metabolites (Supplemental Figure 8 ). Progenitor and blood cell analysis revealed that antagomir treatment did not affect the numbers or types of normal hematopoietic cells, white blood cells, and lymphocytes (Supplemental Table 2 , A and B).
We next transplanted 1 million murine CD45.1 + CD45.2 + MLL-AF9 leukemic splenocytes into partially conditioned C57BL/6 recipients, allowed 4 days for these cells to home and initiate engraftment, then implanted pumps to deliver antagomirs. Control antagomir-treated mice died of leukemia before the pumps exhausted, and FACS analysis of moribund animals showed the presence of CD45.1 + CD45.2 + leukemic cells ( Figure 4D ; inset). In contrast, only 1 A21+A196btreated mouse died during treatment ( Figure 4D , P < 0.01).
Because some targeted therapeutics (such as Gleevec) can be cytostatic, we followed the A21+A196b-treated mice to see if they would relapse once the antagomir pumps exhausted. After 165 days, the experiment was terminated and we could not detect the presence of CD45.1 + CD45.2 + leukemic cells (P < 0.01; Figure  4D , inset). To address specificity of the treatment, we also transplanted established AML-ETO9a-initiated murine leukemia and could find no difference in the survival of mice treated with the A21+A196b or control antagomirs ( Figure 4E ). Thus, it is unlikely that A21+A196b treatment creates a generally hostile environment for transformed cells; it instead appears to specifically target HOX-driven leukemia.
A concise biological platform to test RNAi therapeutics. We next created an in vivo platform to test RNA therapeutics by transplanting 5,000 and 10,000 c-Kit + MLL-AF9 leukemic splenocytes ( Figure 5A) , representing a vast excess of LIC (30) . The model reproducibly resulted in death at day 20 after transplantation ( Figure 5A ). Antagomir therapy was curative for an input of either 5,000 (Sup-plemental Figure 6 , P < 0.001) or 10,000 c-Kit + MLL-AF9 leukemic splenocytes ( Figure 5B , P < 0.001). In fact, BM biopsy after pump exhaustion (day 70) or upon termination of the experiment (day 150) revealed a lack of leukemic cells in recipients of 5,000 or 10,000 cells ( Figure 5B and Supplemental Figure 9 ; insets).
To determine the efficiency of pump-delivered antagomir in this model, 7 days after pump implantation, we performed TaqMan analysis of peripheral white blood cells from transplant recipients. Antagomir treatment resulted in a 60%-80% reduction in miR-21 and miR-196b levels compared with the control antagomir treatment ( Figure 5C , P < 0.001). Thus, prolonged microRNA antagonism is sufficient to eliminate MLL-AF9 leukemia in vivo.
Next, we tested 2′-methoxyethyl/2′-fluoro chimeric phosphorothioate oligonucleotides (MOE) as microRNA antagonists in this in vivo platform. In contrast to antagomirs, MOE lack a cholesterol modification. Similar to antagomirs, MOE were functional in reducing MLL-AF9 CFU in vitro ( Figure 5D , P < 0.001). Therefore, we transplanted 10,000 c-Kit + MLL-AF9 leukemic splenocytes and implanted pumps to deliver miR-21-and miR-196b-specific MOE or specificity controls (with 4 base pair mutations). However, all mice in the experiments died ( Figure 5E ). Analysis of white blood cells from the mice 10 days after pump implantation revealed only 20%-30% reduction in target microRNA levels ( Figure 5F ). While the MOEs can inhibit miRNA activity in vitro and are active in other models, they do not sufficiently inhibit miRNA activity in this in vivo leukemia model so that a biological effect is produced. These data suggest that antagomir cholesterol modification is necessary and that there is a threshold for sufficient prolonged microRNA antagonism to eliminate MLL-AF9 leukemia in vivo.
Targeting miR-21 and miR-196 augments induction chemotherapy of human MLL fusion protein-induced leukemia. To determine whether our murine results could be extended to human leukemias, we treated primary human AML specimens with either t(8;21) (expressing AML-ETO) or 11q23 translocations (MLL fusion) with antagomir (A21+A196b) or control (CA21+CA196b) combinations, plated them in methylcellulose, and enumerated CFUs. Neither A21+A196b nor control antagomirs affected the t(8;21) leukemia colony numbers ( Figure 6A ). In contrast, 2 independent 11q23-translocation leukemias formed significantly fewer CFUs after A21+A196b treatment compared with controls (P < 0.05; Figure 6A ). Our transcriptional analysis of adult AML revealed NPM1-mutant AML display GFI1 versus HOXA9 antagonism (Supplemental Figure 1 ), and we have previously shown HOX and miR-196b expression in NPM1-mutant AML (32) . Therefore, we next tested whether AML with NPM1 mutations is sensitive to antagomir treatment. A21+A196b treatment significantly reduced CFU numbers in 3 independent NPM1-mutant AML patient samples (P < 0.05, P < 0.01; Figure 6A ) These data suggest that miRNA regulation is a critical downstream event in HOXA9-initiated programs that control leukemic progenitor growth.
AML patients are usually treated with induction chemotherapy consisting of cytarabine (Ara-C) and an anthracycline (such as daunorubicin or idarubicin). Though most patients respond initially (∼70%), 5-year survival rates vary dramatically (15%-70%) depending upon the AML subtype. Consolidation chemotherapy or allogeneic BM transplantation (BMT) is the standard followup treatment (33) . In general, 11q23-translocation AML is more resistant to chemotherapy than other subtypes (e.g., t]8;21]). To determine whether antagomir therapy would complement current standard treatment for this type of leukemia, we used a humanized in vivo mouse model to determine the effect of antagomirs in combination with induction chemotherapy. First, we injected 1 × 10 6 primary human hematopoietic cells transformed with both MLL-AF9-leukemia fusion protein and oncogenic NRAS (MA9+NRAS) into the tail veins of nonirradiated immunodeficient NOD/SCID/ SGM3 (NSS) mice (34) . This procedure consistently results in disseminated leukemic disease and rapid lethality (35) . On day 25, mice from each group (control or treatment group, n = 4 per group) received either PBS or a regimen mimicking induction chemotherapy (Ara-C and doxorubicin) (ref. 36 and Figure 6B ). Notably, we found that chemotherapy treatment significantly extended life span by approximately 12 to 15 days compared with that of the control mice (P < 0.05; Figure 6C ). Two days (day 23) before the chemotherapy treatment, additional animals were implanted with 6-week pumps filled with either A21+A196b (n = 8) or the control antagomir combination (n = 7) ( Figure 6B ). Similar to the mice treated with chemotherapy alone, all control antagomirtreated mice died of leukemia around 62 days ( Figure 6C , P < 0.05). FACS analysis of moribund animals showed the presence of hCD45.1 + leukemic cells ( Figure 6C ; inset). However, treatment with A21+A196b significantly extended the survival of xenograftrecipient mice up to 80-82 days (P < 0.01; Figure 6C ). Together, prolonged inhibition of miR-21 and miR-196b in combination with induction chemotherapy significantly extends life span in a xenograft model of MLL leukemia.
Antagomir-21 and -196b target MLL-AF9 LIC activity. Each colony formed by MLL-AF9 leukemic splenocytes is capable of initiating leukemia in a recipient and thus represents an LIC (30) . Antagomir treatment of MLL-AF9 leukemic splenocytes lowered in vitro CFU ( Figure 4A ), suggesting that antagomir treatment affects LIC. Since MLL-AF9 LIC/CFU are enriched in the c-Kit + leukemic splenocyte fraction (30), we next examined the effect of antagomirs upon in vitro CFU formation of LIC-enriched c-Kit-selected leukemic splenocytes. Antagomir treatment reproducibly lowered the secondary CFUs from the freshly explanted c-Kit + MLL-AF9 leukemic splenocytes of 4 independent moribund mice (P < 0.01, P < 0.001; Figure 7A ). To assure that the antagomir effects are specific, we utilized Vivo-Morpholinos as a different RNA therapeutic platform to block miR-21 and miR-196b. While antagomirs and MOE bind and silence mature microRNA (29) , morpholinos are reported to block the nucleolytic processing sites of an immature microRNA to prevent microRNA maturation (37) . Vivo-Morpholinos contain an additional octa-guanidine dendrimer that mediates intracellular distribution of the molecule (similar to a TAT-peptide tag) (38) . Administration of anti-miR-21 and anti-miR-196b Vivo-Morpholinos reproducibly lowered the steady state level of mature miR-21 and miR-196b (Supplemental Figure 10 , P < 0.001), and significantly lowered secondary in vitro CFU from the c-Kit + MLL-AF9 leukemic splenocytes of 4 independent moribund mice ( Figure 7B , P < 0.01). These data indicate that downregulation of expression of miR-21 and miR-196b specifically blocks MLL-AF9 CFUs independently of the RNA therapeutic platform used.
To determine whether antagomir treatment affects the number of LIC, we performed 2 in vitro antagomir treatments on freshly explanted c-Kit + MLL-AF9 leukemic splenocytes (which are enriched for LIC), then assessed cell cycle/apoptosis and quantified LIC ( Figure 7C ). A titration of in vitro antagomir-treated cells was injected into partially ablated syngeneic recipients (without further antagomir treatment). The frequency of control antagomirtreated LIC was 1 in 164, but was reduced 3-fold (1 in 517) by in vitro antagomir treatment ( Figure 7C , P < 0.01). Next, we isolated LIC-enriched MLL-AF9 leukemic splenocytes and treated them in vitro with antagomirs, then analyzed cell-cycle parameters. We note that in vitro antagomir-treated cells showed a mild decrease in cells traversing S phase, with an equivalent modest but statistically significant gain in cells with a subgenomic DNA content indicative of apoptosis (Supplemental Figure 11 , A and B, P < 0.05, P < 0.001). Notably, subtle changes in cell cycle/apoptosis and LIC activity of antagomir-treated leukemia cells in vitro correspond to the biological effect of prolonged microRNA antagonism in vivo.
To incisively confirm the effect of antagomirs on LIC activity, we directly quantified LIC activity after 19 days of in vivo antagomir treatment ( Figure 7D ). Briefly, we transplanted 10,000 c-Kit + CD45.1 + CD45.2 + MLL-AF9 cells into partially ablated CD45.2 + recipients and implanted pumps containing either control or specific antagomirs. Mice were sacrificed after 19 days (when control mice were nearly moribund), and flow cytometric analysis of splenocytes showed a 30% reduction in MLL-AF9 leukemic splenocytes (CD45.1 + CD45.2 + ) in antagomir-treated mice compared with control mice (P < 0.01, P < 0.001; Supplemental Figure 12 ); however, the percentage of c-Kit + MLL-AF9 cells did not differ (data not shown). CD45.1 + CD45.2 + MLL-AF9 leukemic splenocytes were isolated (CD45.1 Miltenyi AutoMacs selection), and a titration of cells was injected into partially ablated syngeneic recipients (without further antagomir treatment). The frequency of control antagomir-treated LIC was similar to the in vitro treatment, which was 1 in 146, but was reduced 5-fold (1 in 747) by antagomir treatment (P < 0.001; Figure 7D ). Thus, interference with miR-21 and miR-196b quantitatively reduces MLL-AF9 LIC, indicating that miR-21 and miR-196b mediate LIC maintenance and combination in vivo interference with miR-21 and miR-196b results in LIC depletion.
Figure 6
Inhibition of miR-21 and miR-196b also interferes with maintenance of human MLL oncoprotein-initiated leukemia and extends life span in a human xenograft model. (A) Enumeration of methylcellulose CFU assay with primary human AML with t(8;21) (AML-ETO) (patient 1) or 11q23 translocation cytogenetics (MLL) (2 independent human samples, patients 2 and 3) and NPM1 mutation (3 independent human samples, patients 4, 5, and 6) (n = 3, mean ± SD). (B) Scheme of experimental strategy showing transplant with MA9+NRAS leukemic cells into NSS mice, mouse numbers, and the treatment strategy and flow analysis. (C) Kaplan-Meier survival curve of nonirradiated NSS mice (mCD45 + ) transplanted with 0.5 × 10 6 hCD45+ MA9+NRAS leukemic cells. On day 25, the control group received PBS and the experimental group received chemotherapeutic agents for 5 days (3 days with Ara-C+Dox and the last 2 day only with Ara-C); mice were followed for survival. Transplanted mice were treated with antagomirs. Twenty-three days after transplantation, 6 week osmotic pumps containing A21+A196b or CA21+CA196b were implanted in the mice. On day 25, both groups received chemotherapeutic agents for 5 days (3 days with Ara-C+Dox and the last 2 day only with Ara-C) and they were followed for survival. Insets show flow plots of hCD45 + cells in moribund mice. *P < 0.05; **P < 0.01. chemotherapy regimen. Thus, combining antagomir and chemotherapy might be a strategy to increase the number of these higher risk AML patients who respond to therapy.
Although microRNAs are thought to play an important role in oncogenesis, movement to convert this information to targeted therapeutics has been slow. However, the combination of anti-microRNA reagents and the knowledge base available to study hematopoiesis creates a unique opportunity for target validation studies. Knowledge gained from such studies in AML is expected to generate principles that will help to clarify the biology and treatment of other tumors. Antagomirs have been successfully used in vivo and have proven to be efficient in silencing endogenous microRNA in mice (40, 41) . Our work demonstrates that the combination of antagomirs targeting miR-21 and miR-196b can be successfully used in vivo with no apparent therapy-limiting toxicity to improve the outcome of MLL-AF9 leukemia. Moreover, our work generated a concise in vivo platform to test RNA therapeutics, which revealed that oligonucleotides complementary to miR-21 or miR-196, but lacking a cholesterol modification, were ineffective biologically in this in vivo model of leukemia. The effectiveness of antagomirs might be explained by the interaction of antagomirs with lipoprotein particles and the expression of lipoprotein receptors on myeloid lineage cells (42) . We believe that differences in the efficacy of antagomir treatment in murine versus human MLL-AF9-initiated AML models centers on a dramatic difference in the incidence of LIC, which is approximately 1 in 150 for the murine model and approximately 40% for the human model (43) . Overall, our studies provide a strong rationale to develop microRNA antagonists for clinical use in AML.
Methods
MicroRNA and mRNA expression profiling. Affymetrix microarray CEL file data was downloaded from the St. Jude Children's Hospital data repository (17) or Gene Expression Omnibus (GSE6891, ref. 18; GSE35159, ref. 44 ) and subjected to RMA normalization across the series of 91 pediatric AML (17), or 460 adult AML and MDS (18) , or human AML cell lines (44) . A correlation vector was constructed from GFI1 (Affymetrix probe set 206589_at) or HOXA9, and probe sets of similarly expressed genes were identified using the Pearson distance metric with a correlation cutoff that allowed approximately 200 nearest neighbor probes for GFI1 and HOXA9. The number 200 represents the top approximately 1% of genes/probes spotted on the 22,000 probe set containing Affymetrix microarrays. Figure 1) , the Pearson correlations were slightly lower due to the large number of heterogeneous patients included in the data set. These probe sets were pooled and subjected to hierarchical clustering for both gene-gene and sample-sample correlation. The corresponding heat maps show 2 major gene expression patterns consisting of either a high GFI1 or high HOXA9 sample type, except MDS, where an antagonistic relationship is not evident between GFI1 and HOXA9 (possibly due to very low expression values).
A genome-wide microRNA and mRNA expression profiling assay was performed using Exiqon microRNA arrays and Agilent custom-design arrays respectively, in 56 AMLs and 9 normal BM controls. The 56 AMLs comprised 1 (-7), 5 (+8), 1 (+4), 1 t(2;12), 7 inv(16), 5 t(8;21), 8 t(15;17), and 7 t(11q23)/MLL rearrangements and 21 normal karyotypes. All of the patient samples were obtained at the time of diagnosis and were stored
Discussion
Evolutionarily conserved developmental and growth regulatory pathways represent central oncogenic or "gatekeeper" pathways that are pivotal to understanding the process of cellular transformation. GFI1 and HOX transcription factors compete to control both Drosophila anterior-posterior patterning (14) and mammalian myeloid progenitor expansion and transformation (15, 16) . Here, we have exploited this ancient relationship between competing transcription factors to discern client/effectors of HOXbased transformation and LIC activity, namely, GFI1 expression blocks HOX-based transformation and represses expression of miR-21 and miR-196b, and microRNA antagonists can functionally recapitulate the GFI1 effect. The conservation of GFI1-HOX antagonism underscores the potential importance of this pathway. Antagomir treatment, as a surrogate of GFI1 action, functions to quantitatively block HOX-based LIC maintenance and is more clinically amenable than forced GFI1 expression.
Expression profiling of primary human AML specimens to characterize global miRNA expression has shown that miR-21 is generally upregulated in AML compared with normal CD34 + cells (23, 24) , while miR-196b expression is elevated in HOX-based AML (e.g., those with 11q23 or 11p15 translocations or NPM1 mutations) (28, 39) . Our data confirm and extend the data to include reciprocal expression of GFI1 and HOXA9 as an underlying molecular mechanism. Interestingly, the antagonism between GFI1 and HOXA9 as evidenced by gene expression profiling can be used as a tool to differentiate human leukemias, leaving open the possibility that monitoring miR-21 and miR-196b levels in patients with HOX-based leukemias could be used as biomarkers to identify minimal residual disease. AMLs with 11q23 translocations are historically associated with poor response to therapy (33) . Given that antagomir treatment decreases the number of LIC, we hypothesized that antagomir treatment could provide an adjuvant to both increase the efficacy of chemotherapy and reduce minimal residual disease. In fact, our human xenograft model reveals that antagomir therapy doubles the survival time from an induction miR-21 and miR-196b maintain MLL-AF9 LIC. (A) CFU assay with serial replating of antagomir-treated LIC-enriched c-Kit + MLL-AF9 AML from 4 different mice (n = 3, mean ± SD). (B) CFU assay with serial replating of Vivo-Morpholino-treated LIC-enriched c-Kit + MLL-AF9 AML from 4 independent mice (n = 3, mean ± SD). (C) Quantitation of MLL-AF9 LIC treated with antagomir in vitro. Sublethally irradiated recipient mice received a cell dose range of 10, 100, 300, and 1000 cells (n = 6 recipient mice for each cell dose) treated twice in vitro with either CA21+CA196b or A21+A196b. The mice were followed for 160 days. LIC frequency was determined using L-Calc software: CA21+CA196b (1 in 164; 95% CI, 1 in 80 to 339) or A21+A196b (1 in 517; 95% CI, 1 in 253 to 1,057). (D) Quantitation of MLL-AF9 LIC treated with antagomir in vivo. Sublethally irradiated recipient mice were transplanted with LIC-enriched population of c-Kit + CD45.1 + CD45.2 + , and at day 4 the pumps were implanted with CA21+CA196b or A21+A196b. Before the mice became moribund (∼day [19] [20] , AML cells were isolated from both groups of mice using CD45.1 + Miltenyi AutoMacs selection, then transplanted into sublethally irradiated recipients at a cell dose range of 10, 100, 300, 1000, or 3000 cells (n = 6 recipient mice for each cell dose). Recipient mice were followed for 160 days. LIC frequency was determined using L-Calc software: CA21+CA196b (1 in 146; 95% CI, 1 in 60 to 355) or A21+A196b (1 in 747; 95% CI, 1 in 489 to 1,140). **P < 0.01; ***P < 0.001.
